Pylyshyn, Z.W. and Storm, R.W. (1988) (Tracking multiple independent targets: Evidence for a parallel tracking mechanism. Spatial Vision, 3(3), [179][180][181][182][183][184][185][186][187][188][189][190][191][192][193][194][195][196][197] proposed that human observers could simultaneously track up to five dots when presented with an array of dots moving in a random manner. In contrast, Tripathy, S.P., and Barrett, B.T. (2004) (Severe loss of positional information when detecting deviations in multiple trajectories. Journal of Vision, 4(12):4, 1020-1043, http://journalofvision.org/4/14/4/, doi: 10.1167/4.12.4) showed that when a threshold paradigm was employed, observers' ability to track deviations in straight-line trajectories is severely compromised when attending to two or more dots. In this study we present a series of four experiments that investigates the role of attention and visual memory while tracking deviations in multiple trajectories using a threshold paradigm. Our stimuli consisted of several linear, non-parallel, left-to-right trajectories, each moving at the same speed. At the trajectory mid-point (reached simultaneously by all dots), one of the dots (target) deviated clockwise or counterclockwise. The observers' task was to identify the direction of deviation. The target trajectory was cued in the second half of the trial either by disappearance of distractors at the monitor's mid-line (Experiment 1) or by means of a change in colour of the target (Experiment 2); in both cases deviation thresholds rose steeply when the number of distractor trajectories was increased from 0 (typical threshold $ 2°) to 3 (typical threshold > 20°). When all the trajectories were presented statically in a single frame (Experiment 3), thresholds for identifying the orientation change of the target trajectory remained relatively unchanged as the number of distractor trajectories was increased. When a temporal delay of a few hundred milliseconds was introduced between the first and second halves of trajectories (Experiment 4), deviation thresholds increased steeply. These results suggest that the persistence of trajectory-traces in visual sensory memory may play an important part in determining thresholds for detecting deviations in trajectories.
Introduction
The human visual system is capable of attending to only a few objects at any instant of time. Visual attention refers to the process of selecting particular aspects of a stimulus for further analysis while suppressing information about other aspects. Our ability to selectively attend to relevant objects in a visual scene is governed by the capacity limits of visual attention. With regard to this capacity limit various studies involving Multiple Object Tracking (MOT) have shown that observers can simultaneously track up to 4-5 randomly-moving target items among identical distractors with about 85% accuracy (Allen, McGeorge, Pearson, & Milne, 2004; Alvarez & Franconeri, 2007; Bahrami, 2003; Pylyshyn, 1989 Pylyshyn, , 1994 Pylyshyn, , 2000 Pylyshyn, , 2001 Pylyshyn & Storm, 1988; Scholl, Pylyshyn, & Franconeri, 1999; Viswanathan & Mingolla, 2002; Yantis, 1992) .
In contrast to the above MOT studies, Tripathy and Barrett (2004) found that when a threshold task was employed to study MOT performance, observers were unable to track more than one trajectory effectively. In their paradigm the typical stimulus consisted of one target trajectory and several distractor trajectories. The distractors moved along linear trajectories from the left half of the screen to the right half. The target moved along a bilinear trajectory, undergoing a single deviation midway through its trajectory. Apart from the deviation, the target and distractors were indistinguishable and the observers were not informed beforehand which trajectory was the target. For different numbers of distractors, the smallest angle of deviation that could be detected, i.e., the threshold for identifying the direction of deviation (clockwise (CW) or counter-clockwise (CCW)), henceforth referred to as deviation threshold, was determined. Thresholds increased rapidly as the number of distractor trajectories was increased 0042-6989/$ -see front matter Ó 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2008.09.023 from 0 to 3; even with a single distractor trajectory, thresholds were 2-3 times higher than that for the target trajectory presented alone. In the Tripathy and Barrett task it is necessary to retain in memory the history (i.e., the pre-deviation parts) of the trajectories in order to perform well. Thus it is possible that the poor performance in the presence of distractors in that study resulted from an inability to recall the pre-deviation trajectories. The goal of this study is to employ a threshold task similar to the earlier study to examine the role of attention and visual memory during MOT.
In Tripathy and Barrett (2004) , observers typically had to identify the direction of deviation in the target trajectory, without any prior information regarding which trajectory on any trial was the target. Shifting attention to the target by having the target trajectory cued following the deviation might permit access to information pertaining to its earlier parts and, hence, facilitate the determination of its direction of deviation. If memory of the trajectories plays a central role in determining performance for detecting deviations, then revealing the identity of the target during the second half of the stimulus presentation might help the observer to recall the earlier parts of its trajectory and consequently thresholds for detecting deviations might be lowered.
In the context of the cueing experiments several studies have shown that there exists a partial report (PR) advantage for static as well as moving stimuli (Averbach & Coriell, 1961; Averbach & Sperling, 1961; Baxt, 1871; Demkiw & Michaels, 1976; Sperling, 1960 Sperling, , 1963 Sperling, , 1967 Treisman, Russell, & Green, 1975 . See Greene, 1992 for a thorough critique of the PR paradigm). The PR advantage refers to the improvement in observers' performance when required to report only part of the stimulus display as opposed to the full report (FR) condition (in which the observer is asked to report the contents of the entire display). In the context of the present threshold experiments, cueing the target trajectory is similar to the PR condition (cueing a particular row of letters) in the experiments of Sperling (1960) . In fact, when the target trajectory was cued at the start of the trial, deviation thresholds when there were 10 trajectories were similar to thresholds when there was only a single trajectory in the stimulus (Tripathy & Barrett, 2004, Experiment 5) . When the target is cued at the point of deviation the observer knows, earlier than if there was no cue, that the cued trajectory is the one that should be allocated maximum resources.
The studies of Kahneman, Treisman and their colleagues give us further reasons for expecting that cueing the target during the latter part of the trajectory might facilitate the recollection of early parts of the trajectory (Kahneman & Henik, 1981; Kahneman & Treisman, 1984; Kahneman, Treisman, & Gibbs, 1992) . These studies suggest that attention is object-based and the allocation of attention to an object facilitates all the responses associated with the selected object. In the words of Kahneman et al. (1992, p. 176) , ''. . . focussing of attention on a target item not only enhances the salience of all its current properties -it also selectively reactivates the recent history of that object"; this 'reactivation' of the recent history is important for maintaining the perceived continuity of objects. In this context, cueing the target at the point of deviation should direct attention to its trajectory during the latter half of the trial; this allocation of attention to the target trajectory should facilitate the recall of its recent history, in particular, the earlier half of the trajectory, and should therefore lower deviation thresholds.
Finally, according to Tripathy and Barrett (2004) , one of the reasons that deviation thresholds increased rapidly with the number of distractor trajectories might have been that the target trajectory was unattended on a fair proportion of the trials when there were distractor trajectories present. In this case, cueing of the target could result in greater attentional resources being directed to the target trajectory and a consequent lowering of deviation thresholds. However, it is unclear whether redirecting of attention to the second half of the target trajectory would permit recovery of its first half if this were initially unattended.
The previous paragraphs outline several reasons why we could expect deviation thresholds to be lowered when the target trajectory is cued immediately after the deviation. However, they provide little guidance as to how much of a drop in thresholds we should anticipate as a consequence of cueing the target. The magnitude of the drop in thresholds is likely to be determined by the nature of visual memory used to record the trajectories, its rate of decay, its capacity and its coding strategy.
Cueing the target trajectory at the point of deviation, as described above, is one way of studying the potential role of visual memory in the task of Tripathy and Barrett (2004) . Another way to investigate the potential role of memory in this task is to vary the temporal parameters of the stimulus. One could present the entire set of stimulus ''trajectories" statically in a single frame on each trial; in this case, if memory plays an important part in the task, all of the necessary information for detecting the deviation would be available from the start of the trial; processing of the deviation could begin from the start without having to wait for the necessary information to be made available, and without incurring the potential decay of trajectory-information in memory that could result from the wait. If memory plays an important part in influencing performance, then presenting the stimulus statically should result in substantially lowered deviation thresholds. An alternate approach to investigating the temporal factors is to introduce a temporal delay in the trajectory at the point of deviation, halfway through the trajectory. If the memory of the traces of the trajectories is a primary factor limiting performance, then deviation thresholds should rise when a temporal delay is introduced between the first and second halves of the trajectories. In summary, if visual memory plays a critical role in influencing deviation thresholds in the task of Tripathy and Barrett (2004) , then we expect that presenting the same stimuli statically would result in substantially smaller deviation thresholds and, conversely, that introducing a temporal delay at the point of deviation should result in larger deviation thresholds.
The use of temporal delays to study the decay of available information in memory is not new. Sperling (1960, Experiment 4) used this technique effectively along with his PR procedure to show that cue-delays of about 250 ms largely obliterated the PR advantage. If sensory memory limits performance in our deviation detection task, then similar delays should result in substantially elevated deviation thresholds compared to those obtained when such delays are absent.
In this study we used variations of the threshold task of Tripathy and Barrett (2004) in order to investigate the role of attention and visual memory in tracking multiple moving objects. In the first experiment the distractor trajectories terminated at the vertical mid-line of the display screen at the same instant that the target trajectory underwent a deviation. This experiment examined the question: To what extent are deviation thresholds lowered if the target trajectory is cued during the second half of each trial? The second experiment addressed the same question by measuring the deviation thresholds when the target trajectory was uniquely identified not by the disappearance of the distractors, but by a change in colour for the target dot after the deviation. Experiment 3 measured the deviation thresholds when the 'trajectories' were presented statically, in a single frame; the trace of the first half of the 'trajectory' did not have time to decay since the two halves were presented simultaneously. In Experiment 4, a temporal delay was introduced between the first and second halves of the trajectories. The longer the delay, the more the early parts of the trajectories will have decayed before the later parts are presented. The question we were interested in was whether this delay adversely affects the thresholds, and if so, to what extent? In all these experiments we varied the number of trajectories (i.e., set size) but the observers' task remained the same (i.e. identifying the direction of deviation of the target trajectory). Our main findings were that thresholds rose rapidly as the number of trajectories increased, even when the observers were cued to the target trajectory at the point of deviation in Experiments 1 and 2. Set-size effects on thresholds were small for the static stimulus in Experiment 3. Temporal delays of a few hundred milliseconds in Experiment 4 resulted in elevated thresholds, which is consistent with the involvement of sensory memory. To anticipate, the results from the four experiments are consistent with the hypothesis that the limits to tracking lie in the persistence of the trajectory-traces in sensory memory. Other plausible explanations for our findings are discussed in the General Discussion under the section Alternate Potential Explanations for our Findings.
General methods
The stimuli were generated using a Gateway 2000 computer and displayed on a Vivitron 1776 monitor. The frequency of the monitor was 60 Hz yielding frame durations of 16.67 ms. The portion of the monitor screen used for the stimulus display was 798 Â 574 pixels. Each pixel subtended an angle of 1 0 in the horizontal and vertical directions at the viewing distance of 1.29 m. The experiments were conducted with the room lit normally by two fluorescent lights; the ambient lighting prevented the persistence of trajectory-trails on the screen from influencing observers' responses. Chin-and forehead-rests were used to minimise head movements. Fixation was not monitored. During practice sessions observers were encouraged to perform the task with and without eye movements to determine the eye movement strategy that optimised their performance (feedback was provided following each trial in the practice sessions and in the actual experiment); they were instructed to continue with this strategy during the actual experiments.
The stimuli in this study were variations of the stimuli used in Experiment 4 of Tripathy and Barrett (2004) . The description of the typical stimulus used in the previous study is summarised here; variations from this typical stimulus are described with the individual experiments. The stimulus comprised a target dot moving along a bilinear trajectory and a variable number (between zero and nine) of distractor dots moving along linear trajectories. At the beginning of each trial all the dots appeared on the screen and remained stationary until the observer initiated their motion using the appropriate key on the keyboard. During the motion phase the dots moved along trajectories that were constrained in the following ways:
(i) The dots always moved from the left half to the right half of the screen.
(ii) in a block, all dots travelled with the same speed, and all trials had the same number of trajectories.
(iii) On each trial all the dots reached the vertical mid-line of the screen (indicated by vertical markers) on the same monitor frame.
(iv) If any distractor dots were present on a trial, they travelled along linear trajectories (straight-lines).
(v) At the vertical mid-line, the target dot deviated either CW (negative in our sign convention) or CCW (positive in our sign convention). Before and after deviation the target dot travelled along a linear trajectory. The angle of deviation varied from trial to trial, and 0°deviations were also interleaved. All reported angles of deviation were measured in the plane of the monitor; any other angles reported (e.g. dot size, dot speed) are angles subtended at the observers' eye. Observers were aware that any deviation in the target trajectory occurred at the vertical mid-line only.
(vi) On the starting frame each dot was separated from the nearest dot by at least 15 0 of visual angle. (vii) Over a block, the distractor trajectories had an average orientation of 0°with an added random uniform jitter, which ranged from À80°to +80°. The jitter, along with the starting separation in (vi) ensured that the trajectories were neither parallel, nor overlapping.
(viii) The target trajectory's orientation was jittered such that its post-deviation orientation was within the range ±(80°-|an-gle-of-deviation|); the target trajectory, regardless of how close its post-deviation orientation was to the vertical, was just as likely to have deviated clockwise as anti-clockwise. Without this constraint, target trajectories that were oriented close to +80°post-deviation would have been more likely to have deviated CCW, and those oriented close to À80°post-deviation would have been more likely to have deviated CW; thus the post-deviation orientation of the target would have biased the observers' responses, especially when the target trajectories were clearly identified.
(ix) The different trajectories could intersect during the course of the trial. When the trajectories reached the mid-line the average adjacent-trajectory separation was 40' with an added uniform random jitter of up to ±5
0 . This separation ensured that any intersections in trajectories did not occur close to the point of deviation of the target trajectory.
The background screen luminance was 2.4 cd/m 2 . In all the experiments with white dots, the dots had a luminance of 55.4 cd/m 2 [CIE (x, y) co-ordinates (0.28, 0.29)], as measured from an extended area of the same luminance. The dot size was fixed at 5 0 Â 5 0 . The average trajectory-speed was controlled by varying the dot displacement between frames. Most of our experiments used a dot speed of 4°/s. However, our findings were verified at dot speeds of 2 and 8°/s in most cases. Observers' performance, as measured by the threshold for detecting the direction of deviation of the target trajectory, was relatively unaffected by dot speeds over this range (Tripathy & Barrett, 2004, Experiment 4, Fig. 6 ). These dot speeds also cover the main range of speeds used in the experiments of Pylyshyn and Storm (1988) .
When the trajectories of the moving dots are very long, thresholds for detecting deviations in the trajectories are typically reduced , Experiment 1, Fig. 2 ]. In these experiments we wanted to ensure that any drop in performance (elevation of deviation thresholds), if observed, was not due to inappropriately short trajectory lengths used for the target trajectory. Therefore, we presented our stimuli for durations of either 51 or 101 frames to ensure long trajectories. When the dot speed was 4 or 8°/s the stimuli were presented for 51 frames, yielding trajectory lengths of 200 0 and 400 0 , respectively, from the centre of the first dot to the centre of the last dot, measured along the trajectory. When the speed was 2°/s the stimulus was presented for 101 frames, ensuring that the trajectory was 200
The experiments were conducted using the Method of Constant Stimuli. Within a block, the number of trajectories presented on a trial, the speed with which the dots moved and the lengths of the trajectories were kept constant and the angle of deviation was varied between trials. Each block had nine uniformly spaced levels of deviation -four CW, four CCW and one without any deviation, with twenty trials at each of the nine levels of deviation. The observer's task on each trial was to report the perceived direction of deviation of the target trajectory (CW or CCW), by pressing appropriate keys on the keyboard. The observer's response was recorded and a computer generated noise beep provided feedback regarding the correctness of the response. In trials where the target trajectory did not deviate, an incorrect response was signalled with a proba-bility of 0.5. During practice sessions the step-size (i.e. the difference in angle between any two adjacent levels within a block) for the deviations was estimated so that the responses covered an acceptable range of the psychometric function. Once an estimate of the step-size for an experimental condition had been obtained, four blocks were run with this step-size. Set-size effects were studied by varying, between blocks, the number of distractor trajectories present.
Analysis
The observer's responses in each experimental condition were plotted with the angle of deviation on the abscissa and the percentage of trials on which the deviation was reported to be CCW on the ordinate. A cumulative normal function was then fitted to the data. The lower and upper asymptotes of the cumulative function were fixed at 0 and 100%, respectively. Deviation thresholds at d 0 = 1 were then estimated from the fits (Macmillan & Creelman, 1991) . The fitting program also estimated the withinobserver uncertainty (±1SD) in the deviation threshold, and these have been included as error bars in the figures that plot deviation thresholds. The threshold estimation technique used in the present study was identical to that described in Tripathy and Barrett (2004) .
Experiment 1: Distractors terminating at vertical mid-line
In the deviation detection task of Tripathy and Barrett (2004) , observers' performance was poor either because the target trajectory was unattended indicating attentional limitations, or because it was not successfully remembered due to limitations of memory, or both. In that study, apart from the experiment where the target was explicitly cued, the observer could only identify the target if he/she detected the deviation. Furthermore, if a deviation was not detected, it is not clear to what extent the target trajectory was tracked. On these trials it is possible that the target trajectory was attended either for the full duration of the trial, or for part of that duration, but the information available was inadequate for determining the direction of deviation; alternatively, the target trajectory may not have been tracked at all during the trajectory motion.
In this study, we facilitated the directing of attention towards the target over a substantial portion of its trajectory by modifying our stimulus so that the target was the only trajectory in either the first half or the second half of the trial, i.e. on either the left half of the screen, or the right. We anticipated that this modification would facilitate the monitoring of the target during the second half of a trial, or the recall of the target trajectory during the first half of a trial.
When the target is the only trajectory on the left half of the screen, the target should act as its own cue and deviation thresholds are expected to be independent of the number of distractors. When the target is the only trajectory on the right half of the screen, the effects of set-size on deviation thresholds are more difficult to predict. In this condition, for the reasons listed in the Introduction, deviation thresholds are expected to be substantially reduced though it is not clear by how much. This experiment addresses the question: How do deviation thresholds change as the number of trajectories changes, if all the distractors disappear at the mid-line? 3.1. Stimulus and procedure Fig. 1(a) shows a typical stimulus with the distractor trajectories appearing at the mid-line of the screen and persisting only for the latter half of the trial. A single dot (the target) appeared on the left half of the screen and remained stationary until the observer initiated the trajectory motion. Thus, from the start of each trial the observer knew which trajectory was the target. When the dot started moving, its trajectory was the only trajectory on the screen until it reached the mid-line, at which point the trajectory deviated either CW or CCW. At the instant of deviation, the distractor trajectories appeared at the vertical mid-line and moved rightward until the end of the trial. Deviation thresholds were evaluated for 1, 4 and 10 trajectories for a dot speed of 4°/s. This experimental condition is henceforth referred to as the early-cueing condition. Fig. 1(b) shows a typical stimulus with the distractor trajectories persisting only for the first half of the trial and disappearing at the mid-line of the screen. A group of dots consisting of the target and the distractors appeared on the left half of the screen and remained stationary until the observer initiated motion. When the motion was initiated, observers were not aware as to which dot represented the target trajectory. When the dots reached the vertical mid-line all the distractors disappeared leaving only the target dot to continue on the right half of the display, having deviated either CW or CCW at the mid-line. Thus, the target was clearly identified in the right half of the screen and this is henceforth referred to as the late-cueing condition. Other details are as in the early-cueing condition. Thresholds were estimated for 1-4 trajectories at a dot speed of 4°/s. Observers BB, SS and ST participated in both conditions of this experiment.
To investigate the effect of dot speed on deviation thresholds and to ensure that any set-size effects were not due to inappropriate choice of dot speeds, observers SS and ST repeated the experiment for two additional dot speeds (2 and 8°/s).
Results
Fig. 1(c) displays deviation thresholds for observers BB (green squares), SS (blue diamonds) and ST (red triangles) as a function of the number of trajectories for 1, 4 and 10 trajectories for the early-cueing condition. Deviation thresholds did not change substantially as the number of distractor trajectories was increased. On average incrementing the number of trajectories by one resulted in an increase in thresholds by 0.08, À0.02 and 0.03°for BB, SS and ST, respectively, as estimated from the straight-line fits to the data. The results suggest that when attention was directed to the target trajectory at the beginning of the trial, observers had little difficulty in reporting its direction of deviation, despite the onset of several distractor trajectories at the mid-line. Fig. 1(d) shows deviation thresholds for 1-4 trajectories for the three observers for the late-cueing condition. When the number of trajectories was one there were no distractor trajectories and therefore the left most data for each observer in this figure is the same as that in Fig. 1(c) . However, deviation thresholds increased steeply as the number of trajectories was increased. When the number of trajectories was increased to five or more, reliable thresholds could not be obtained because the responses were noisy and failed to cover the full range of the psychometric function. On average, incrementing the number of trajectories by one resulted in an increase in thresholds by 10.31, 4.96 and 6.12°for BB, SS and ST, respectively.
Observer ST participated in a similar experiment in Tripathy and Barrett (2004) . In that experiment (Experiment 4, Fig. 6 ) the distractors persisted for the entire duration of the stimulus. The straight-line fit to ST's data from that experiment is also shown in Fig (d), since there are no distractors present when only one trajectory was presented. For both observers, at each of the three speeds, deviation thresholds increased steeply with increase in the number of distractor trajectories in the latecueing condition. For observer SS, incrementing the number of trajectories by one resulted in an increase in thresholds by 5.78, 4.96 and 3.76°for dot speeds of 2, 4 and 8°/s, respectively, as estimated by the best-fitting straight-lines. The corresponding slopes for observer ST are 3.73, 6.12 and 4.92°/trajectory.
Discussion
In the early-cueing condition observers had little difficulty in reporting the direction of deviation of the target trajectory, even when the number of trajectories was increased to 10. This finding suggests that when the target trajectory was clearly identified, observers are able to ignore any interference from distractor trajectories. These results concur with the results of the early-cueing experiments in Tripathy and Barrett (2004, Experiment 5, Fig. 7) .
However, in the late-cueing condition observers performed poorly, suggesting that the decision process had little access to information regarding the early part of the trajectories. A comparison of slopes for observer ST in the present study with his performance in Experiment 4 in Tripathy and Barrett (2004) indicated that the performance for reporting deviations did improve when the distractor trajectories were not present in the second half of the stimuli, compared to when the distractor trajectories were present throughout the stimuli; the straight-line fit to ST's data in Fig. 1 (d) had a slope of 6.12°/trajectory, compared with a slope of 13.13°/trajectory in the previous study (Experiment 4, Fig. 6 ).
The two experiments were separated in time by over 18 months, during which time ST participated in several other experiments that involved tracking multiple objects. Thus the differences observed could have arisen from the effects of practice over the time-interval separating the experiments, or from the consequences of attention being directed to the target trajectory for a substantial part of the trajectory, or from both.
For dot speeds in the range 2-8°/s set-size effects were absent in the early-cueing condition and strikingly evident in the late-cueing condition. The set-size effects seen in Fig. 2 (c) and (d) did not vary systematically with dot speeds; the shallowest slope corresponded to the 8°/s speed for SS and to the 2°/s speed for ST and the steepest slope corresponded to the 2°/s speed for SS and to the 4°/s speed for ST. The deviation thresholds obtained in the present experiment were lower than those in Experiment 4 of Tripathy and Barrett (2004) for the same dot speeds, suggesting that limited access to the trajectory history is possible when attention is directed to the deviating trajectory. This could either be a consequence of the reactivation of the target trajectory's history on account of attention being directed to the target (e.g. Kahneman et al., 1992) , or a consequence of the decision process being able to read off the target-trace in visual memory without having to spend time and resources processing the distractor trajectorytraces (e.g. Sperling, 1960 Sperling, , 1963 . However, the improvements in threshold on account of these potential factors seemed very limited (see Section 5). The observers were unable to effectively process more than one trajectory simultaneously in the late-cueing condition. When there were two trajectories, thresholds were, on average, more than twice that for a single trajectory. This inability to process more than a single trajectory at a time could be due to limitations in attentional processing, or to limitations of memory.
Experiment 2: Target trajectory changes colour at mid-line
Experiment 1 showed that observers had poor sensitivity for detecting deviations in linear trajectories when they were latecued but were sensitive to detecting deviations in linear trajectories if they were cued early. Bahrami (2003) suggested that a change in the colour of a target would be detected more efficiently, if the change were associated with a transient signal (also see . In Experiment 1, in the late-cueing condition, the transients in the stimulus were associated with the distractor trajectories. Since transients are known to capture attention (e.g. Jonides & Irwin, 1981; Nakayama & Mackeben, 1989) , it is possible that the set-size effects observed for deviation thresholds resulted from attention having been diverted away from the target trajectory and toward the distractor transients. If this were the case, we would expect that observers' performance for reporting deviations in linear trajectories would improve if the target trajectory were cued using a colour change as the transient signal in the second half of the trial. The transient introduced by the colour change on the target trajectory could capture attention and facilitate processing of the target trajectory and its deviation. Once attention was allocated to the target the observers would have little difficulty in continuing to track its trajectory, since the colour of the target would be unique (Treisman & Gelade, 1980; . In this experiment, a colour change from white to red cued the observer to the target trajectory at the vertical mid-line where the deviation of the trajectory occurred.
Stimulus and procedure
A schematic of the stimulus is shown in Fig. 3(a) . The stimulus was similar to that employed in Experiment 1, with the following differences. Unlike the previous experiment, the distractor dots persisted until the end of the stimulus. When the dots reached the vertical mid-line, the target dot underwent a deviation in the trajectory accompanied by a change in its colour from white was late-cued in the second half of the trial by its unique colour. The dot speed was kept constant at 4°/s. Observers BB, SS and ST participated in this experiment and data was collected for 1-4 trajectories.
In order to rule out inappropriate dot speed as a potential cause of any set-size effects that might be observed, the experiment was repeated by observers SS and ST for two additional dot speeds, 2 and 8°/s. Fig. 3(b) plots the deviation thresholds for the three observers as a function of the number of trajectories. Data are shown for up to four trajectories. For all three observers an increase in the number of trajectories was accompanied by a steep increase in the deviation thresholds. When the number of trajectories was one, the deviation thresholds for BB, SS and ST were 3.31, 2.52 and 3.71°, respectively. On average, incrementing the number of trajectories by one resulted in an increase in thresholds by 14.45, 4.31 and 9.47°for BB, SS and ST, respectively. Although there are considerable inter-observer differences in the threshold elevations as the number of trajectories is increased, set-size effects are clearly evident in each observer's data set.
Results
In considering the present results, it is informative to consider the reverse experimental condition in which the target is identified during the first half of the stimulus presentation, i.e. the early-cueing condition. This is similar to Experiment 5 in Tripathy and Barrett (2004) in which the target trajectory was cued before the trajectory motion was initiated. In that experiment increasing the number of trajectories had little effect on deviation thresholds. If the target was clearly distinguished from the distractors at the beginning of a trial, observers had little difficulty in reporting the direction of deviation of the target trajectory even when there were as many as 9 distractor trajectories present. We would anticipate similar results if the early-cueing condition had been tested here. Fig. 4 (a) shows deviation thresholds for observer SS as a function of the number of trajectories for the three dot speeds used. Fig. 4(b) shows the corresponding data for observer ST. For both observers, regardless of dot speed, there was a steep increase in deviation thresholds when the number of trajectories was increased. The figures display deviation thresholds for up to four trajectories for each speed. When the number of trajectories was increased beyond four the resulting psychometric functions were noisy and frequently did not cover a substantial portion of the response range. As a result, thresholds estimated from these were not reliable and they are not reported here. For observer SS, incrementing the number of trajectories by one resulted in an increase in thresholds (on average) by 6.09, 4.31 and 5.46°for 2, 4 and 8°/s, respectively. The corresponding slopes for observer ST are 6.87, 9.47 and 11.59°/trajectory, as calculated using the best-fitting straight-lines to the data. The shallowest slope obtained was 4.31°/trajectory (observer SS, dot speed of 4°/s) and this represents an increase of almost twice the single trajectory threshold for a unit increment in the number of The dotted lines are straight-line fits to the observers' data. The slopes of these fits are also provided in the figures. For all three observers, deviation thresholds increased substantially as the number of trajectories increased. Fig. 4 . The effect of dot speed on deviation thresholds in Experiment 2. Deviation thresholds for (a) observer SS and (b) observer ST as a function of the number of trajectories for the three dot speeds when the target changed colour at the mid-line; the format is similar to Fig. 2 . Set-size effects seen at each of the three dot speeds are qualitatively similar. For both observers, the deviation thresholds for the 4°/s condition are the same as those shown in Fig. 3(b) .
trajectories. For SS, the steepest slope was obtained for a dot speed of 2°/s whereas for ST, the steepest slope was obtained for a dot speed of 8°/s.
Discussion
When the target trajectory is cued using a unique colour at the start of the trial, increasing the number of trajectories has little effect on deviation thresholds and the slopes obtained are relatively flat (Tripathy & Barrett, 2004, Experiment 5, Fig. 7 ). Here we show that when the deviating trajectory is cued using a unique colour in the second half of the trial, the deviation thresholds increase rapidly as the number of trajectories is increased (Fig. 3b) . With the target uniquely identified in the second half of the stimulus presentation, even with a transient colour change that we expect will direct attention to the target trajectory, observers still make poor use of the information available regarding the first half of the target trajectory. This is true over the entire range of dot speeds that is conducive to tracking multiple objects (e.g. Pylyshyn & Storm, 1988 ; also see Tripathy & Barrett, 2004, Experiment 4, Fig. 6) .
Previous experiments have shown that effective detection of colour change in target items requires that attention be drawn to its transient signal (Bahrami, 2003) . Based on this finding, we presumed that the transients resulting from the colour change of the target trajectory would facilitate the directing of attention to this trajectory. We expected to find that as the number of trajectories was varied, the resulting pattern of thresholds would be either qualitatively different, or substantially lower quantitatively, from those obtained in the previous experiment. But in spite of the transient (colour change) being associated with the target trajectory, thresholds were not lowered relative to Experiment 1. The transient was not very effective with regard to facilitating either the reviewing of the recent history of the target (e.g. Kahneman et al., 1992) or the accessing of past target information in visual memory (e.g. Sperling, 1960 Sperling, , 1963 . Alternatively, information about the early part of the target trajectory may never have been registered in memory on many of the trials as a result of the target not having been attended. The remaining experiments further investigate the potential role of memory during tracking in the deviation detection paradigm.
Experiment 3: ''Single-shot presentation
Experiments 1 and 2 showed that small performance-benefits resulted from late-cueing the target trajectory (relative to when the target was not cued) but substantial set-size effects were still evident. In this experiment we investigated whether the remaining set-size effects could be explained by the decay of visual memory. Shifting attention to a cued target can take as long as 300 ms (Posner, 1978 (Posner, , 1980 Posner, Nissen, & Ogden, 1978) . It takes time to detect a deviation in a dot's trajectory, even when the stimulus consists of a single moving dot; the smaller the angle of deviation, the longer the reaction time to detecting a deviation (Hohnsbein & Mateeff, 1998 ; also see Sekuler, Sekuler, & Sekuler, 1990 for reaction times for detecting deviations in single trajectories). In our first two experiments, the angles of deviation are close to threshold and processing delays might have been substantial. Furthermore, in our late-cueing conditions, observers had to wait for the second half of the stimulus to be presented before the necessary information was available to perform the task. During the time it takes for a sufficient portion of the post-deviation target trajectory to be presented, for attention to be shifted to (or focussed on) the target trajectory, and for the direction of deviation to be processed, the traces of the trajectories in memory could already have decayed considerably.
In this experiment, to minimise the effects of decay of the traces in memory, the entire target and distractor trajectories were presented instantaneously in a single frame (i.e., a static, ''single-shot" presentation). All the information required for reporting the deviation in the target trajectory was available as soon as the trial commenced. If the decay of the traces is the explanation for the set-size effects seen in the late-cueing conditions of Experiments 1 and 2, then the deviation thresholds measured here should be much smaller than the deviation thresholds measured in the previous two experiments; the traces in memory would have had little time to decay before the entire stimulus is available to the visual system for processing.
An alternative to the decay of visual memory explanation outlined above is that the set-size effects observed so far result from the capacity limits of attention, i.e. from an inability to attend to all of the trajectories simultaneously. In Experiment 1 the stimulus was typically spread over 51 frames, whereas in this experiment the stimulus was presented for a single frame. In mathematical terms, the same amount of orientation-related information was presented in the two cases, but over a much briefer time-interval in this experiment. A capacity limit of attention explanation, in contrast to the trace-decay in memory explanation, would predict much poorer performance in this experiment compared to Experiment 1, since the same amount of information has to be processed in much less time.
Stimulus and procedure
In this experiment the stimulus was identical to that in Experiment 1, except that the entire lengths of the target and distractor 'trajectories' were presented statically for the duration of a single monitor frame, i.e. for 16.67 ms. The spatial separation between adjacent dots along a 'trajectory' was 8 0 which would correspond to a dot speed of 8°/s in Experiment 1. At this separation adjacent dots along a 'trajectory' did not overlap.
The target was distinguished from the distractors by means of the change in orientation in the middle of its 'trajectory'. Furthermore, as in Experiment 1, in one condition, the distractor 'trajectories' were presented only on the left half of the vertical mid-line and in the other condition the distractor 'trajectories' were presented only on the right half of the vertical mid-line. Thus, each target 'trajectory' consisted of 51 dots, whereas each distractor 'trajectory' consisted of 26 dots. The 51 dots representing the target 'trajectory' and the 26 dots per distractor 'trajectory' were all presented simultaneously for 16.67 ms. This ensured that the duration of presentation of individual dots was the same as that in Experiment 1.
Observers reported whether the change in orientation of the target 'trajectory' was CW or CCW. Data were collected for 1, 4 and 10 'trajectories' in each of the two conditions. Thresholds for detecting an orientation change in the target for the static 'single-shot' stimulus were estimated in a manner identical to that used for all the other experiments in this paper. Observers SS and ST participated in both conditions of this experiment.
Results
Fig . 5(a) shows the thresholds for detecting orientation changes in the target 'trajectory' for observers SS (blue diamonds) and ST (red triangles) as a function of the number of 'trajectories' when the distractors were on the right of the mid-line. Thresholds for detecting orientation changes were essentially independent of the number of 'trajectories'; the best-fitting straight-lines to each observer's data had slopes of 0.14°/'trajectory' and 0.26°/'trajectory' for SS and ST, respectively. The data obtained here are qualitatively and quantitatively similar to those obtained in the corresponding conditions of Experiments 1 (speed of 8°/s (green triangles) in Fig. 2a and b) when the target and distractors were dynamic trajectories resulting from the movements of dots and cueing was early. When the stimuli were statically presented, thresholds with distractors on the left of the mid-line were almost identical to thresholds with the distractors on the right of the mid-line; in both cases, set-size effects were almost entirely absent. This is in sharp contrast to when the trajectories were dynamically presented ( Fig. 2a-d) where in the early-cueing condition no set-size effects were evident (Fig. 2a and b) and in the late-cueing condition substantial set-size effects were evident ( Fig. 2c and d) .
Discussion
In Experiment 3, the same stimuli as those in Experiment 1 were presented statically. The rationale was that if entire 'trajectories' were presented instantaneously, when the right half of the target trajectory was registered any traces of the left halves of the trajectories in memory would have had less time to decay. As anticipated, the pattern of thresholds for detecting changes in the orientation of the target were qualitatively and quantitatively different from thresholds for detecting deviations in the corresponding condition in Experiment 1; the set-size effects are virtually eliminated when the potential decay of the traces is minimised by the static and instantaneous presentation of the 'trajectories'. These findings are consistent with the trace-decay in memory explanation for the poor performance in the late-cueing condition in Experiment 1.
We performed an additional experiment in which entire 'trajectories' of the distractors were presented and the right half of the target 'trajectory' was in a different colour (red) from the remaining 'trajectories' (white). Only partial data were collected in this condition (data not shown). The data were similar to those shown in Fig. 5(b) , qualitatively and quantitatively different from those in Experiment 2, and again were consistent with the trace-decay in memory hypothesis.
If attentional capacity were the factor limiting performance in the late-cueing conditions in Experiments 1 and 2, then having the entire stimulus presented within the duration of a single frame should increase the attentional processing required in unit time. If the attentional capacity was already challenged in the relevant conditions of Experiments 1 and 2, then presenting the stimulus very briefly should further challenge the capacity limits of attention and thresholds should increase further. However, a comparison of Fig. 5(b) with Fig. 2(c) and (d) , etc. clearly indicates that thresholds in the static case were substantially lower, suggesting that attentional capacity is unlikely to be the primary factor limiting performance in the deviation-discrimination task (see Section 7 for further elaboration).
A plausible explanation for the elevated thresholds observed in some of the experimental conditions in this paper and in Tripathy and Barrett (2004) is the decay of trajectory-information in memory. Such decay of trajectory-information could occur in visual sensory memory (e.g. Sperling, 1960 Sperling, , 1963 Sperling, , 1967 , in short-term memory, in the parts of memory responsible for storing object files (e.g. Kahneman et al., 1992) , in working memory (e.g. Baddeley, 1986 Baddeley, , 1990 , or perhaps in motion sensitive cortical areas, such as the middle temporal or the lateral intraparietal regions, that are capable of integrating motion information over several hundred milliseconds (e.g. Huk & Shadlen, 2005) .
It is conceivable that the improvements in thresholds observed in Experiment 3 actually result from a change in the nature of the observer's task. In Experiments 1 and 2 attention presumably has to be maintained over time linked to a particular object, building up a temporally extended 'object file' in order to detect a change in orientation. Experiment 3 required the observer to detect a static spatial orientation change only. In this task a sensory memory of the briefly exposed information presumably needs to be maintained, and some form of selective attention has to operate on this to find the item that is reported. Perhaps different factors limit performance in the two tasks. Westheimer and Wehrhahn (1994) proposed that the trajectories of the moving dots and the orientations of the static lines were processed by the same mechanism, possibly involving the orientation-sensitive units of V1. However, their finding does not generalise to this stimulus because, in this study, a comparison of the deviation thresholds in the late-cueing condition for moving ( Fig. 2c and d ) and for static (Fig. 5b ) stimuli indicates that the mechanisms involved in detecting deviations in the two stimulus conditions are different (when there is more than one trajectory). For this reason the next experiment features a more direct test of the trace-decay hypothesis. Fig. 1(c) . ST's data have been offset slightly in the horizontal direction to enhance readability. (b) Deviation thresholds when the distractors were present only to the left of the vertical mid-line. The slopes for each of the straight-line fits in (a) and (b) was close to zero, suggesting that thresholds for signalling the orientation change in the target 'trajectory' were relatively independent of the number of 'trajectories'.
Experiment 4: Temporal delay at the mid-point of the trajectories
The results of Experiments 1-3 suggest the decay of trajectorytraces in visual memory may be a primary factor which influences observers' performance while tracking multiple trajectories. If selective processing of the target trajectory can begin as soon as stimulus presentation is initiated, as in the early-cueing conditions of Experiment 1 and in Experiment 3, then set-size effects should be small and thresholds should be low. However, if selective processing of the target trajectory is delayed by about 433 ms (i.e. until after the 26th frame), as in the late-cueing conditions in Experiments 1 and 2, substantial set-size effects are obtained (Figs.  1d, 2c and d and 3) . A delay of about 433 ms in cueing the target trajectory is detrimental for deviation thresholds as the number of distractor trajectories is increased. Here we systematically vary the temporal parameters of the stimulus in order to further investigate the potential role of memory when tracking multiple trajectories.
In this experiment, a temporal delay was introduced between the first and second halves of each stimulus presentation (i.e. at the point of deviation of the target trajectory). We studied the change in deviation thresholds as the temporal delay was varied. As the temporal delay was increased, to successfully determine the direction of deviation of the target trajectory, observers would have had to maintain the initial halves of the trajectories in visual memory for progressively longer durations before making comparisons with the second halves of the trajectories. What effect do these temporal delays have on deviation thresholds?
The effects of temporal delays on performance have been mixed in previous studies. Sperling (1960) found that cue-delays as brief as 250 ms obliterated the PR advantage, and Treisman et al. (1975) found that, for their task, cue-delays of 1100 ms resulted in the elimination of the PR advantage. On the other hand Demkiw and Michaels (1976) found that a 1000 ms cue-delay had only a small effect on the PR advantage. Previous experiments that used the MOT paradigm found tracking performance to be unaffected by the apparent disappearance of target items for a few hundred milliseconds and their subsequent reappearance at the same location Viswanathan & Mingolla, 2002) . If the previous MOT results can be extrapolated to our study, then the introduction of a temporal delay will be expected to have little effect on deviation thresholds. On the other hand, if thresholds are severely compromised by temporal delays, this would further support the hypothesis that the limits to performance lie in visual memory.
Stimulus and procedure
The stimulus used was similar to that in Experiment 2 except for the introduction of a temporal delay between the first and second halves of the stimulus presentation (i.e. at the vertical midline). In this experiment the duration of trajectory presentation was 850 ms. In the late-cueing condition the target trajectory was distinguished from the distractors in the second half of the trial by means of a change in colour from white [55.4 cd/m 2 , CIE co-ordinates (0.28, 0.29)] to red [14.1 cd/m 2 , (0.58, 0.36)]. As in Experiment 2, the distractor trajectories persisted through all 51 frames of the trajectory presentation. A temporal delay was introduced after frame 26, at the instance of deviation of the target trajectory. When the trajectories reached the vertical mid-line of the screen on frame 26, they disappeared for an interval lasting 0, 100, 200, 300 or 400 ms, before reappearing for the next frame in the motion sequence (i.e. 0, 6, 12, 18 or 24 additional blank frames were introduced between frames 26 and 27 of the motion sequence). Observers viewing the stimulus perceived a discontinuity in motion due to the disappearance and subsequent reappearance of the dots. Within a block the number of trajectories and the temporal delay were fixed; both of these could vary between blocks. The stimulus duration was therefore 850 ms of motion + the duration of the temporal delay for the block. Observers SS and ST participated in this experiment and in the two control experiments described below. Deviation thresholds were estimated for 1, 2 and 3 trajectories at a dot speed of 4°/s. In order to eliminate object-discontinuity caused by the disappearance and reappearance of dots at the vertical mid-line as a potential cause for any pattern of results that might be observed in the above experimental condition, a control experiment was carried out using a slightly modified stimulus: on reaching the vertical mid-line all the dots stopped and remained motionless on the screen for the duration of the temporal delay. After the delay period had elapsed, the motion sequence continued and the dots moved along their trajectories until the end of the stimulus presentation. Thus the dots were visible for the entire duration of stimulus presentation. Tripathy and Barrett (2004, Experiment 5) showed that when the target trajectory was cued using a unique colour at the beginning of the trial, increasing the number of distractor trajectories had no substantial effect on deviation thresholds. To elucidate the effect of temporal delay on such stimuli, a control experiment was performed with the following stimulus modifications: the target trajectory (red) was distinguished from the distractors (white) only in the first half of the trial (early-cueing condition); a blank interval of 0, 100, 200, 300, 400 or 800 ms was introduced at the vertical mid-line after frame 26. When the motion sequence was re-introduced after the specified delay duration, all the trajectories including the target were white in colour. Thresholds are estimated for stimuli consisting of 10 trajectories moving with a dot speed of 4°/s. In this control condition good performance required that the observers keep in memory the early half of only the target trajectory during the delay period; ignoring the distractor trajectories or forgetting them during the delay period would have no effect on performance. In contrast, in the late-cueing condition of this experiment, during the delay period, the observer had no idea which trajectory was the target; good performance required the observer to remember, through the delay period, the first halves of all of the trajectories presented on each trial.
Results
At the time of designing the experiments it was our intention to measure deviation thresholds for a large range of temporal delays. However, it quickly became apparent that observers' performance was unreliable once the delays at the mid-point of the trajectories exceeded 300 ms. For most of the conditions tested in this experiment, when delays exceeded 300 ms, the observers' responses did not cover the full range of the psychometric function, the data were very noisy, and the fits to the psychometric functions were of poor quality; the resulting estimates of thresholds were very unreliable and are not presented here. Hence, most of the data presented here are for delays of up to 300 ms. There were a few data sets for which good psychometric fits were obtained even with temporal delays as long as 400 ms, and the resulting deviation thresholds have been plotted with the other deviation thresholds. Fig. 6 shows the data for the late-cueing condition of this experiment, with the dots disappearing during the delay period and subsequently reappearing. Fig. 6 (a) and (b) display deviation thresholds as a function of temporal delay for observers SS and ST. Fig. 6(c) and (d) show the same data following normalisation of the deviation thresholds. To obtain SS's normalised data for three trajectories, her deviation thresholds for temporal delays of 0, 100, 200 and 400 ms were divided by her deviation threshold for three trajectories when the temporal delay was 0 ms. SS's data for 1 and 2 trajectories were similarly normalised as were all of ST's data. Normalising the data in this way causes all the curves to have a threshold (normalised) of 1.0 for a delay of 0 ms, and the relative effects of temporal delay can be seen for the different numbers of trajectories. Some of the deviation thresholds are close to 100°in Fig. 6(b) but such large deviations were never used in our experiment. These large thresholds were estimated by extrapolation from the fits to the partial psychometric functions that were obtained during the experiment.
When there was only a single trajectory, deviation thresholds were only slightly affected by temporal delays. For example, ST's thresholds increased by 10% (on average) for every 100 ms increment in the delay. However, when there were 2 or 3 trajectories, deviation thresholds increased more steeply as the delay duration was increased. For observer SS, incrementing the delay duration by 100 ms resulted in increase in deviation thresholds by 0.05°for one trajectory, 2.3°for two trajectories and 14.8°for three trajectories, respectively, as estimated by the best-fitting straight-line fits (Fig. 6a) . The corresponding slopes for observer ST are 0.4, 14.1 and 29.9°/100 ms for 1, 2 and 3 trajectories, respectively (Fig. 6b) . For both observers, when there were three trajectories in the stimulus, thresholds increased by more than 100% for every 100 ms increment in the delay! Fig. 7 shows the data for the late-cueing condition in which the target dot stayed visible throughout the delay period. Fig. 7(a) and (b) show the deviation thresholds as a function of the temporal delay for observers SS and ST, respectively, and Fig. 7(c) and (d) display the normalised deviation thresholds. Data are shown for stimuli consisting of 1, 2 and 3 trajectories. The results for the two observers were found to be qualitatively similar, but there were substantial quantitative differences between the two results. When there was only one trajectory in the stimulus, thresholds increased only slightly as the temporal delay was increased. When there were 2 or 3 trajectories in the stimulus, thresholds increased substantially with increase in temporal delay; however, the thresholds increased much more steeply in ST's case compared to SS. For 1, 2 and 3 trajectories, incrementing the temporal delay by 100 ms resulted in deviation thresholds increasing, on average, by 0.7, 2.5 and 6.7°, respectively for observer SS (Fig. 7a) . The equivalent average threshold increases for an increment delay of 100 ms for observer ST were 0.7, 6.6 and 20.5°. Although SS showed only a modest deterioration of thresholds with increasing delays, even her thresholds for a 300 ms delay were twice those for a 0 ms delay.
Comparing Fig. 6(a) with Fig. 7 (a) (observer SS) and Fig. 6 (b) with Fig. 7(b) (observer ST) we find that the deviation thresholds for 2 and 3 trajectories were somewhat lower when the dots continue to be visible through the course of the trial as opposed to when they disappeared for the duration of the delay period and reappeared at the end of the delay period. Fig. 8(a) and (b) display the deviation thresholds and normalised deviation thresholds respectively, for observers SS and ST when the target trajectory was cued early. Data are shown for 10 trajectories at a dot speed of 4°/s. Although there was a substantial increase in deviation thresholds with increase of temporal delay (Fig. 8a) , the thresholds observed, even when the stimuli consisted of 10 trajectories, were low when compared to thresholds obtained when there were three trajectories in the stimulus and the target was cued late (Fig. 6a and b) .
Discussion
In previous studies, the consequences of a temporal delay introduced during stimulus presentation depended on the task used, with some studies finding performance deteriorating with the introduction of a delay (Sperling, 1960; Treisman et al., 1975) and others finding little influence of a delay on performance (Demkiw Fig. 7 . Effect of temporal delay on deviation thresholds when the dots were visible during the temporal delay. Observer SS's (a) deviation thresholds and (c) normalised deviation thresholds as a function of the duration of the temporal delay in the condition where the dots remained stationary and visible at the mid-line for the duration of the delay. The deviation thresholds were normalised relative to the threshold obtained when there was no delay at the mid-line. The different symbols represent the different number of trajectories. Where appropriate, straight-line fits to the data and their slopes are shown as before. All the data were obtained with a dot speed of 4°/s. (b) and (d) Observer ST's data in a similar format. For both observers, thresholds increased (though not as rapidly as in Fig. 6 ) as the temporal delay increased. Fig. 8 . Effect of temporal delay in the early-cueing condition. (a) Deviation thresholds and (b) normalised deviation thresholds as a function of temporal delay for the earlycueing condition where the target trajectory (moving red dot) was distinguished from the distractors (moving white dots) only in the first half of the trial. A temporal delay of varying magnitude was introduced at the mid-line. The data were obtained with 10-trajectory stimuli with dot speed of 4°/s. The deviation thresholds were normalised relative to the threshold obtained with no delay (apart from the single monitor frame). The different symbols represent the data for different observers. For both observers thresholds increased as the temporal delay increased, though not as steeply as in the late-cueing condition (Figs. 6 and 7) . & Michaels, 1976; Viswanathan & Mingolla, 2002 ). For our current task of identifying the direction of deviation, we find that when the stimulus consists of 2 or 3 trajectories and the target trajectory is cued late during the trial, delays of a few hundred milliseconds have a drastic effect on deviation thresholds, at times elevating thresholds by a factor of about 4.
When the stimulus consists of only a single trajectory and a temporal delay is introduced at the point of deviation, observers have little difficulty in correctly identifying the direction of deviation of the target trajectory; only small changes in deviation thresholds are observed as the temporal delay is increased. This could imply one of more of the following possibilities. A potential, but unlikely, explanation for the rather small influence of the delay is that when the target trajectory is the only trajectory in the stimulus the decay of trajectory-traces in memory is very slow. A much more likely explanation is that there are specialised mechanisms for dealing with single trajectories. For example, it is well known that the visual system has specialised mechanisms for controlling eye movements while pursuing a target (e.g. Carpenter, 1991) . Such mechanisms would be specialised for following a single trajectory since it would be physically impossible for the eyes to simultaneously and accurately pursue, using eye movements, two targets having different velocities moving along independent trajectories. It is plausible that the observers pursued the target when it was the only trajectory, or that the mechanisms that are responsible for tracking deviations in a single trajectory share some common elements with pursuit eye movement mechanisms. A third potential explanation is that observers have the ability to either verbalise or code the trajectory of an object when there is only one object of interest.
When the number of trajectories was increased to 2 or 3 the temporal delay had a much more profound effect on observers' performance. The most likely explanation for the rapid increase in thresholds with increasing delay (Fig. 6a and b) is that trajectory-traces in memory decay with time; the longer the delay, the greater the decay of the traces and hence the higher the thresholds. If observers were pursuing the target when there was only one trajectory, clearly that was not an option if the number of trajectories was greater than one. If observers were pursuing some ''average trajectory", then information regarding this average trajectory decays more rapidly than information regarding a single trajectory. If observers were verbalising or coding the trajectory when there was only one trajectory, these abilities to verbalise or to code were ineffective or unstable when the number of trajectories was greater than one.
In the late-cueing condition when stimuli consisted of more than one trajectory, thresholds were typically lower when the target and distractor dots were visible during the temporal delay (Fig. 7) compared to when the dots were not visible (Fig. 6) . It is plausible that in the dots-invisible condition the resulting objectdiscontinuity during the delay caused the visual system to represent each trajectory as two separate trajectories. In this case detecting the target deviations would require the observers to put the two halves of the trajectory together. As the target was cued during the second half of the trial only the target trajectory would need to be reconstructed. However, reconstructing the target trajectory might require a comparison with all the pre-deviation trajectories to determine the most appropriate match to the post-deviation target trajectory. This could explain why thresholds deteriorate more rapidly when the number of trajectories is increased. Beard, Levi, and Klein (1997) performed a temporal manipulation of their stimulus that is similar to the temporal delay used in this experiment. They presented vernier bars successively and measured the resulting offset-thresholds. Their thresholds were relatively unaffected by the magnitude of ISI over the 0-200 ms range, as one would expect from a mechanism that is limited by the cortical magnification at the retinal eccentricity of the stimulus. In contrast, in our late-cueing condition, deviation thresholds increased rapidly over the same range of temporal delays when there were multiple trajectories in the stimulus. The temporal pattern of results obtained in the Beard et al. study is very different from that observed in this study, suggesting that different processes constrain performance in the two studies.
Several studies involving tracking have shown that multiple items can be successfully tracked, even if the tracked items are temporarily occluded (Kahneman et al., 1992; Viswanathan & Mingolla, 2002) . The present experiment shows that even when we eliminate object-discontinuity by keeping the dots visible during the entire duration of stimulus presentation, thresholds still rise rapidly with any increase of the delay interval ( Fig. 7a and b ). This discrepancy with respect to previous studies can be attributed to differences in the tasks in the different MOT paradigms employed. When using a threshold paradigm, observers have difficulty in effectively tracking more than a single trajectory at a time (Levi & Tripathy, 2006; . The introduction of a temporal delay further compromises this limited ability of observers for tracking multiple trajectories.
When the target trajectory is distinguished by a unique colour in the early-cueing condition, deviation thresholds are low, even when there is a delay of several 100 ms halfway through the trial and when as many as 10 trajectories are presented simultaneously (Fig. 8a) . Observers are capable of selectively tracking the relevant object, where this is known early, ignoring other irrelevant items in the display. When all the attentional resources are directed to the target trajectory for the entire duration of the trial, performance is qualitatively comparable to that when there is only a single trajectory in the stimulus. The previously discussed potential explanations for the relatively small effect of temporal delay when there was only a single trajectory in the stimulus could also potentially explain the smallness of the effect of delay when there were many trajectories but cueing was early.
General discussion
In a standard MOT task observers can track as many as 4 or 5 targets at a time (Pylyshyn & Storm, 1988) . When presented with the task of detecting deviations in straight-line trajectories using a threshold paradigm, observers are unable to effectively process more than a single trajectory at a time . In order to understand the influence of attention and visual memory on observers' performance while tracking multiple trajectories, we performed a set of four experiments. The results of these experiments shed light on whether performance in our MOT task is limited by attention or memory and the nature of memory that might be involved. The results also have implications for other proposed MOT mechanisms. These are discussed in the sections below along with a novel hypothesis that might explain the number of trajectories that can be tracked at a time when looking for a deviating trajectory among linear trajectories. Other potential explanations for these findings are also discussed.
Role of memory
Though the set-size effects obtained in Experiments 1 and 2 seem to suggest that memory might not be a critical variable in the deviation detection task, the results of Experiment 3 seem to argue otherwise. For the ''single-shot" stimulus used in Experiment 3 the trajectory-traces did not have an opportunity to decay and subsequently thresholds were very low. In the late-cueing condi-tions of Experiments 1 and 2, the cue was presented more than 400 ms after the start of the trial; substantial decay of the memory-traces of the early parts of the trajectories could have occurred during this period resulting in substantial set-size effects. Experiment 4 introduced further delays midway through the trajectories; these resulted in more pronounced set-size effects possibly as a consequence of additional decay of memory-traces during the delay.
One might be tempted to argue that the absence of the dots during the delay period in Experiment 4 could have resulted in attention drifting away from the trajectories. However, even when the dots were visible and stationary during the delay period, thresholds still increased with increasing delay, though to a lesser extent (Fig. 7) . Furthermore, any drift in attention would also have occurred in the early-cueing condition in Experiment 4, since the dots were not visible during the delay period, but this happens not to be the case even when there were as many as 10 trajectories in the stimulus (Fig. 8a) .
Collectively, these results suggest that the limits to performance in the present experiments are memory-related. Other less-likely explanations for these findings are discussed in the section titled Alternate Potential Explanation for our Findings.
The nature of memory used when tracking deviations
In Experiment 4 we delayed the presentation of the post-deviation trajectory of the target and the corresponding portions of the distractor trajectories. If the limits to performance are memory-related, then we expect that the duration of the minimum delay necessary to elevate deviation thresholds would indicate whether the limits to performance in this task lie in sensory or in short-term/ working memory (e.g., Atkinson & Shiffrin, 1968; Baddeley, 1986 Baddeley, , 2000 Baddeley, , 2004 Baddeley & Hitch, 1974; Brown, 1958; Massaro & Loftus, 1996; Peterson & Peterson, 1959; Phillips, 1974) ; we considered it unlikely that the limits would lie in the long-term store. We found that a delay that is longer than 100 ms was adequate to markedly elevate deviation thresholds. Most observers were unable to perform the task reliably when the delay exceeded 400 ms, indicating that the limits to performance suggested in the previous section lie in sensory memory rather than short-term memory.
The capacity of the visual system for tracking multiple trajectories could also give us a clue for the nature of memory used in MOT. Sensory memory has a large capacity while working memory has a limited capacity, e.g. 7 ± 2 items (Miller, 1956) . If, as suggested above, sensory memory is the primary factor limiting performance, then it is surprising that the limit to the number of items that can be successfully tracked is as small as four or five (e.g. Pylyshyn & Storm, 1988; , and sometimes even as small as one (e.g. Levi & Tripathy, 2006; ; these small numbers would appear to be more consistent with a short-term/working memory limit to performance. This apparent contradiction is discussed in the next section.
The decay of traces in sensory memory
Based on the above findings we propose an explanation for the number of trajectories that can be tracked at a time during MOT that is based on the decay of trajectory-traces in memory. This explanation is based on three primary assertions. The first assertion is that the primary factor limiting performance is the duration for which the trajectory-traces persist in sensory memory. Our second assertion is that the decision process has access to these traces while they persist and the different trajectory-traces are sequentially processed, piece-wise, in order to determine the direction of deviation if any of the processed trajectories contains a detectable deviation (any compensation for eye movements would occur at this stage). The third assertion is that the time taken to process a segment of a trajectory-trace is determined by the difficulty of the tracking task used; the more difficult the task, the longer the time to process each trajectory-segment. Therefore the number of trajectories tracked is the number of trajectories that can be serially processed, piece-wise, before the traces in sensory memory decay to the level that they are no longer useful to the decision process. In principle the model proposed is very similar to Sperling's model to explain visual recall tasks (Sperling, 1963) , but applied to MOT rather than to briefly presented tachistoscopic stimuli. However, there are fundamental differences between the two models and these are discussed in the next section.
Support for the first of the above assertions comes from all of the experiments in this paper and from Experiments 4, 6 and 7 in Tripathy and Barrett (2004) ; all these experiments yield results that are consistent with the sensory memory trace-decay hypothesis. In addition, other experiments in which the cueing occurred at different points in time prior to the deviation showed that the earlier the cueing, the lower the threshold, providing further support for the assertion regarding sensory persistence (Narasimhan, 2006; Narasimhan, Tripathy, & Barrett, 2004 , 2007 . In addition, Yilmaz (2007) shows that if the earlier halves of the trajectories are masked by a noise mask within 200 ms of the dots crossing the mid-line significant elevation of deviation thresholds results.
In the context of the first assertion, further elaboration is necessary with regard to the nature of trajectory-persistence in sensory memory. In the context of the flash-lag effect, Krekelberg (2001) distinguishes between ''visible persistence" and ''position persistence" (also see Krekelberg & Lappe, 2000; Purushothaman, Patel, Bedell, & Ogmen, 1998; Whitney, Murakami, & Cavanagh, 2000) ; the persistence of the trajectory-traces in sensory memory would be closer to Krekelberg's position persistence, but with a subtle difference -in Krekelberg's model the last exposed position of the object has special significance with regard to defining position persistence, whereas in our explanation, the trajectory-traces in sensory memory, while they persist, influence spatial judgements such as instantaneous positions of objects and orientations of their trajectories (without necessarily being visible for the entire duration of persistence -note that in our experiments we deliberately minimised the lengths of the visible traces by using a normally illuminated room). The trajectory-traces could, in principle, be compared to motion-streaks that encode direction of motion using spatially-oriented cells in V1 (Geisler, 1999; Jancke, 2000 ; also see Westheimer & Wehrhahn, 1994) .
Support for the second assertion comes from all of the experiments showing set-size effects in this paper and in Tripathy and Barrett (2004) . Even for a substantially suprathreshold deviation of ±19°(threshold for detecting a deviation in a single trajectory was typically about 2°) most observers seem to process about one trajectory effectively (Tripathy & Levi, 2008; Tripathy et al., 2007) . Yilmaz (2007) showed that, for these tasks, the critical duration over which a mask over the first half of the trajectories effectively elevates deviation thresholds increases with the number of trajectories. For a task closer to the standard MOT paradigm, Howard and Holcombe (2008) observed that when subjects were asked to report the final state of tracked items, these reports matched earlier states of the tracked items, with the perceptual lag increasing with the number of targets. All of these results suggest that the processing of trajectory-traces available in sensory memory is sequential. According to the multi-store model of memory (Atkinson & Shiffrin, 1968 , 1971 , the attended part of the information in sensory store is processed further in short-term store. The second assertion can be seen as a restatement of the role of attention in the multi-store model of memory.
Several studies provide indirect evidence for the third assertion (Kennedy, Tripathy, & Barrett, 2008; Tripathy & Levi, 2008; Tripathy et al., 2007) . These studies show that as many as four trajectories can be tracked at a time when the deviations are large. Presumably, for these conditions, segments of each trajectory can be processed more rapidly, resulting in many more trajectories being processed while the traces persist. More direct evidence for the third assertion comes from the study by Hohnsbein & Mateeff, 1998 , which showed that the threshold duration for which a deviation in a single trajectory had to persist for the deviation to be detected decreased rapidly as the angle of deviation was increased (also see Sekuler et al., 1990) .
The previous section asked why only 4-5 items could be tracked if sensory memory is the primary limiting factor and the capacity of sensory memory is known to be large. We believe this is because the limit lies not in the amount of information that can be retained in sensory memory, but in the duration for which it can be retained, i.e. its persistence. Since the trajectory-traces only persist for a brief duration and processing each trajectory-segment takes a substantial amount of time (particularly since the processing cannot be completed and a decision reached before a substantial part of the post-deviation target has been presented), only a few trajectories can be processed in the time available.
In summary, our proposed explanation for the number of trajectories tracked during MOT is that this number is determined by the duration of persistence of the trajectory-traces in sensory memory and the time to process each trace, which can vary with task difficulty. Our explanation is very reminiscent of the decay of auditory memory-traces proposed by Baddeley, Thomson, and Buchanan (1975) to explain the word-length effect. The latter refers to the fact that, compared to short words, fewer longer words can be remembered. This effect is thought to arise because it takes longer to rehearse the polysyllables and to produce them during recall, and because the traces associated with all of the words to be recalled are subject to decay unless revived by articulatory rehearsal. Of course, Baddeley et al.'s (1975) explanation applies to storage of auditory information in the phonological loop (Baddeley, 1986; Baddeley & Hitch, 1974) , whereas ours is based upon the storage of visually presented information. Nevertheless, the two explanations appear to share very many similarities.
Could the explanation we propose for the number of trajectories tracked during MOT generalise to the MOT task of Pylyshyn and Storm (1988) ? Potentially, attentional processes could continuously cycle through 4-5 trajectories, provided the time to cycle through these trajectories is less than the persistence of the trajectory-traces. For example, if the persistence of the trajectory-traces is 400 ms and the number of trajectories tracked is four, then 100 ms are available for processing each tracked trajectory during each cycle. During this 100 ms the position of a target could be updated based on the recorded position of this target 400 ms earlier and the segment of its trace that persists over the last 400 ms. However, if the task difficulty is increased (as when stimuli close to threshold are involved), or if the task requires a switch to slower processes (as in a switch from magno-to parvo-processes, for example when monitoring colour changes), then 100 ms may no longer be adequate to update each trace-segment, leading to an increase in error rate in identifying target deviation. An alternate interpretation of this increase in error rate would be that some properties of objects are more efficiently coded than others (e.g. Scholl 2001; , whereas it might simply reflect the difficulty of the task the observer is being asked to perform, or the speed of the processes involved.
Further support for the trace-decay explanation comes from the study of . They found that tracking performance was not hindered if targets disappeared for a brief duration and reappeared at the location that they disappeared from, whereas tracking was compromised if they reappeared at a position consistent with uniform motion during the period of disappearance. In the latter case there would be no trajectory-trace in sensory memory connecting the pre-and post-occlusion trajectories, making it difficult for attentional process to keep the locations of the target updated continuously during the trial.
The explanation proposed here for performance in our task (and MOT in general) is that a serial decision process operates on the segments of trajectory-traces persisting in sensory memory. Pylyshyn & Storm, 1988 considered a serial strategy and discarded it on the grounds that the range of speeds at which attention has been reported to move (30°/s (Eriksen & Schultz, 1977 ) to 250°/s ) is inadequate to scan all the trajectories presented. However, in our opinion even a conservative scan speed of 50°/s for the movement of attention might be adequate to explain the performance found in our studies. Presuming that the duration of persistence for the trajectory-traces is about 200 ms, each dot's position in the cortical representation needs to be updated only once every 200 ms and not on a frame-by-frame basis, or once every few frames. Provided the trajectory-trace has not decayed, the probability of losing the target does not increase if the sampling delay is increased, particularly if the trajectories are predictable/linear (in the absence of ambiguous trajectory-information, following the trajectory-trace in visual memory is analogous to following a river or a road on a map). However, it must be pointed out that performance was extremely poor in our experiments. Presumably this is because the factor limiting performance is not the time it takes to scan and update this position on a trajectory, but the time it takes to integrate this segment of the target with the rest of its trajectory to determine the direction of deviation. Alternate explanations for the poor human performance could be that the scan speed of 50°/s is an overestimate of the actual speed, the actual tour-length is longer than the minimum tour-length, or the persistence of the trace is shorter than the 200 ms presumed here. However, unlike previous studies that found human performance to be much better than predicted from a serial strategy, we suggest that the strategy employed, at least for our task, is an inefficiently implemented serial one. Oksama and Hyona (2004) also reject a purely serial system on the same grounds as Pylyshyn & Storm, 1988 . They propose a first stage that is pre-attentive and operates in parallel and decays with time (not unlike our first stage in visual sensory memory) and a second scanning stage which does not scan the tracked targets exhaustively but scans based on alarm signals when a target is in danger of being confused with a distractor. However, according to this proposal, the first stage is pre-attentive but sophisticated enough to monitor the activities of all the targets and at the same time is aware of imminent confusions between targets and distractors. In comparison, our first stage is a purely passive stage that just records the trace of the trajectories and the second stage is more sophisticated and can selectively follow the trajectory-traces in sensory memory. Oksama and Hyona probably proposed this system of alarm signals to get around the problem of the relatively slow speed that attention can be moved. In our opinion, the speed of movement of attention is adequate for most MOT tasks that can be performed and this system of alarm signals may not be necessary. In addition, according to Oksama and Hyona (2004) , the function of active attention shifts during MOT is to refresh the activation of the target representation, whereas in our explanation for MOT, the representations in sensory memory are continually and rapidly decaying, monotonically.
7.4. Alternate potential explanations for our findings 7.4.1. Attentional decay Tripathy and Barrett (2004) suggested that the set-size effects observed in their study resulted from all, or parts, of the target trajectory having remained unattended on a substantial proportion of the trials (the greater the number of distractors the less likely it is that the entire target trajectory was attended), or from the parts of the trajectories presented earlier having been forgotten, or having been overwritten by parts of the trajectories presented later. It is clear that both attentional factors and factors relating to memory must contribute substantially to performance during MOT. In fact, it is generally accepted that attention mediates the transfer of information from sensory memory to short-term memory. However it is still reasonable to question what the relative contributions of the two factors are in constraining performance in our task.
So far, much of the discussion of the results in this paper has revolved around the decay of memory. But alternate theories based on the decay of attention could also explain many of our current findings. However, unlike the time course of decay of memory, for which a substantial body of literature exists and reasonable quantitative predictions can be made, the time course of attentional decay is less well understood and quantitative predictions are difficult, particularly since attention is believed to involve a transient and a sustained component (e.g. Nakayama & Mackeben, 1989; Muller, Mallnowski, Gruber, & Hillyard, 2003) . In addition, in the context of the attentional decay explanation, it is not obvious why masking the left half of the screen as late as 150 ms after the dots (and presumably attention) have moved to the right half of the screen would result in thresholds being elevated (Yilmaz, 2007) . In contrast, this finding is readily explained by the sensory memory explanation -the sensory traces of the left half of the stimulus still persist and provide useful information even after the dots have moved on to the right half of the screen. The present findings and the findings of Yilmaz (2007) are consistent with the hypothesis that performance in our task is limited by the decay of information in sensory memory. It remains to be demonstrated to what extent the time course of attentional decay can explain these findings and the masking study results outlined above.
Pursuit eye movements
Is it possible that the observers' performance in our study can be explained by the ability (or inability) of the observers to track the target simply using pursuit eye movements? For example, in Experiment 1, the low thresholds in the early-cueing condition may have resulted from the observer pursuing the target, the only trajectory during the first half of the stimulus. If pursuit eye movements are responsible for the low thresholds in the early-cueing condition, then restricting eye movements by asking the observer to fixate on a fixation point should result in elevated thresholds. Observer ST (with many years of experience in making measurements around the blind spot (e.g. Tripathy & Levi, 1994; Tripathy, Levi, Ogmen, & Harden, 1995; ) repeated the early-cueing condition of Experiment 1 using four trajectories and with a fixation spot positioned at the vertical mid-line, midway between the two vertical markers. Thresholds with the fixation spot were comparable to thresholds without the fixation spot, suggesting that pursuit eye movements were not a requirement for the low thresholds in the early-cueing condition.
In summary, while alternate plausible explanations can be found for the results of individual experiments in our studies, it is unlikely that any such explanation that is reasonably precise in its predictions can explain all of our results in a consistent way.
Implications for previous studies
Our findings shed light on some of the issues that have been raised by previous studies. These issues are discussed below.
Iconic memory and partial report
Though several similarities exist between our study and those of Sperling, Averbach and colleagues, major differences exist between these early studies of iconic memory and our current study. The first fundamental difference relates to the duration of stimulus presentation. In the earlier studies the emphasis was on determining what could be seen in a single, brief exposure of a static visual stimulus; the stimuli were presented using a tachistoscope and the duration of stimulus presentation was typically 50 ms in the experiments of Sperling (1960) . In our study the stimuli were presented for durations close to a second and the stimuli were in motion.
The second major difference between our study and the classic studies of iconic memory is the verbal nature of the task used in the earlier studies (e.g. Sperling, 1960 ). Sperling's studies of iconic memory (and most of the studies of other investigators on the topic) used letters and other such stimuli that could be verbalised and were therefore not entirely visual in nature. In fact, the model proposed by Sperling (1967) to explain their findings includes auditory storage and a rehearsal component. The shortcomings of using such stimuli to study iconic memory were highlighted by Baddeley (1990, p. 18) :
''It is a regrettable feature of studies in iconic memory that so many of them have used letters rather than scenes as targets and that these are typically followed by a mask comprising a completely different stimulus, usually either a blank field or an unrelated visual noise pattern. I assume that the visual system was not designed specifically to cope with this, and that however the system works, it normally is fed with successive glimpses that are broadly similar to each other, as is of course the case in the cinema where each frame is separated from the next by a blank period followed by a frame containing a very similar scene. Presumably this would lead to facilitatory rather than disruptive effects of successive stimuli, since each image will be compatible with what has gone before. It is perhaps worth exploring these facilitatory effects in more detail if we are interested in the ecological relevance of the iconic store."
The multiple-trajectory stimuli we have used in this study are entirely visual in nature and are not easily verbalised. Furthermore, since we did not use any post-masks, our stimuli did not suffer from disruptive effects caused by the presentation of dissimilar scenes between successive frames. Therefore the stimuli used in this study provide further insights into the nature of storage in sensory memory, complementing those in the original studies.
A third major difference between our study and the earlier ones is with regard to the transfer of information between visual sensory memory and subsequent stages of processing. According to the model proposed in Sperling (1967): ''To transmit the maximal information from a brief exposure of a visual display, therefore, the display should be coded into about four symbols (e.g. digits) to take advantage of this rapid scan capability."
In the Sperling experiments, the relevant information is available at the start of stimulus and, theoretically, can be readily converted into coded symbols. In our experiments, the stimulus is continuously evolving and so is its representation in visual sensory memory and the scanning procedure must continually sample the representation in sensory memory; even after the target trajectory has deviated, it is not clear at what point in time the information in sensory memory is ready for encoding, and how accurate the encoding is (e.g. Tripathy & Barrett, 2003 .
Visual working memory
Working memory is believed to have a verbal and a visual component (Baddeley, 1986 (Baddeley, , 2000 (Baddeley, , 2004 Baddeley & Hitch, 1974) . The visual component has been referred to as visuospatial sketchpad or Visual Working Memory (VWM). The persistence of VWM is relatively longer than iconic or sensory memory, but the actual duration of this persistence is relatively unclear. Several recent studies have attempted to understand how features of objects are coded in memory and how many of these features and how many objects can be coded at a time (i.e. the capacity for storing these items in memory), and the involvement of VWM in this storage has been strongly implicated (e.g. Luck & Vogel, 1997; Vogel, Woodman, & Luck, 2001; Alvarez & Cavanagh, 2004; Oksama & Hyona, 2004) . All of these studies suggest that the limits to performance when detecting changes in features of static or moving objects lie in the capacity of VWM. In contrast to these studies, the primary factor limiting performance in our task seems to be the persistence of trajectory-traces in visual sensory memory. This distinction between our task and those used in these other studies needs to be further investigated.
Summary
When detecting a deviation in a target trajectory in the presence of distractor trajectories, we find that the limits to human performance might lie in the persistence of the traces of the trajectories in sensory memory and the time taken to process each trajectory. We suggest that this finding might generalise to many of the other paradigms involving MOT.
